Intermediary metabolism studies have typically concentrated on four major regulatory mechanisms-substrate availability, allosteric enzyme regulation, post-translational enzyme modification, and regulated enzyme synthesis. Although transcriptional control has been a big focus, it is becoming increasingly evident that many post-transcriptional events are deeply embedded within the core regulatory circuits of enzyme synthesis/breakdown that maintain metabolic homeostasis. The prominent post-transcriptional mechanisms affecting intermediary metabolism include alternative pre-mRNA processing, mRNA stability and translation control, and the more recently discovered regulation by noncoding RNAs. In this review, we discuss the latest advances in our understanding of these diverse mechanisms at the cell-, tissue-and organismal-level. We also highlight the dynamics, complexity and non-linear nature of their regulatory roles in metabolic decision making, and deliberate some of the outstanding questions and challenges in this rapidly expanding field.
Introduction
Metabolism is an essential process integral to all forms of life. Broadly speaking, it entails all of the biochemical and physical processes that occur within a living system. This includes the chemical breakdown of food to yield energy, but also the synthesis of important macromolecules, transport of substances and excretion of waste. Central to many of these metabolic processes are three basic classes of molecules: carbohydrates, amino acids, and lipids. Owing to their importance in sustaining life, it was crucial for early organisms to develop mechanisms allowing for their uptake, storage and metabolism. Mammals today have highly dynamic and complex metabolic networks that integrate signaling with a variety of gene regulatory mechanisms. This allows the cell to orchestrate various processes in a graded manner providing continuous and efficient feedback.
Studies over the years have revealed that in addition to allosteric regulation, metabolic pathways are also strongly regulated via posttranslational covalent modifications (PTMs) and gene transcription [1, 2] . PTMs are by far one of the fastest means by which cells can respond to external and internal stimuli. This is because PTMs tend to be reversible and they act directly on the effector protein to modulate properties such as protein activity, stability, interaction partners, and localization. Although a multitude of PTMs have been identified, the most extensively studied and relevant modification in regards to metabolic regulation is protein phosphorylation. Cells can also respond to metabolic cues by modulating transcriptional rates of key genes within specific pathways. This form of regulation is fulfilled by transcription factors (TFs), which bind directly to specific DNA sequences near a gene and can either promote or repress the recruitment of RNA polymerase. For instance, Sterol regulatory element binding proteins (SREBPs) and Carbohydrate response element binding protein (ChREBP) are TFs, which play major regulatory functions in lipid and carbohydrate metabolism, respectively [3, 4] . Although transcriptional and post-translational regulations contribute greatly in coordinating metabolic processes, recent studies are now identifying a highly diverse set of controls occurring at the posttranscriptional level.
Eukaryotic transcription and translation take place in separate cellular compartments, the nucleus, and cytoplasm, respectively. This physical uncoupling forces newly transcribed mRNA to journey into the cytoplasm before being translated into protein. It is now known that along this journey, an mRNA transcript experiences numerous interactions with various factors and undergoes extensive remodeling [5] . This diverse set of processing events includes capping, splicing, and polyadenylation and as with most biological processes, they are highly regulated, dynamic and dependent upon the state and type of the cell. In general, these mechanisms regulate gene expression by altering the Biochimica et Biophysica Acta 1860 (2017) [349] [350] [351] [352] [353] [354] [355] [356] [357] [358] [359] [360] [361] [362] following properties of RNA: its stability, localization, translation efficiency, and nucleotide sequence. Collectively, these are referred to as post-transcriptional gene regulatory mechanisms.
A simple question one might ask is why do living systems utilize post-transcriptional gene regulation to control metabolic pathways if cells can regulate activity using transcriptional and post-translational mechanisms? These overlapping mechanisms may at first seem unnecessarily redundant; however, each of them operates on a different timescale, providing the organism flexibility to adapt to a wide range of physiological situations. Allosteric changes typically occur within seconds-to-minutes; post-translational modifications and post-transcriptional gene regulatory events function between minutes-to-hours; whereas new transcription and protein synthesis generally require hours-to-days. In theory, every step of gene expression has the potential to be regulated. However, it is unlikely that any given gene will exhibit regulation at all of these steps. Nevertheless, despite the mechanistic diversity of the different forms of regulation, they all have one thing in common. That is, they generally act in response to stimuli and adjust the activity of a biological process to maintain homeostasis. In this article, we review the evidence that these principles also apply to regulation of metabolic pathways by post-transcriptional mechanisms. We further explore the integration of these mechanisms within different metabolic circuits while considering their dynamics, complexity and non-linear nature in affecting physiological outcomes.
Non-coding RNAs tune complex networks of metabolic regulation
Mammalian metabolism is a complex process that takes place at multiple levels ranging from the cellular to the organismal. Moreover, metabolic activities vary widely among different types of tissues. However, the metabolic contributions from each tissue act synergistically providing robust homeostasis. Deficiency of a single tissue within the system can cause global physiological imbalance and result in the development of metabolic syndrome. At the cellular level, homeostasis is maintained by the intricate signaling and gene expression networks, which sense and respond to various metabolic cues and nutrients. Currently, much of our understanding regarding metabolic regulation is focused at the layer of gene transcription. Nonetheless, since the completion of the Human Genome Project, it has become clear that a majority of the human transcriptome consists of transcripts, which are not translated into protein [6] . These RNAs are referred to as non-coding RNAs (ncRNAs). Studies elucidating the role of these RNA species revealed that certain classes of ncRNAs could directly modulate gene expression providing an additional layer of gene regulation on top of transcriptional control mechanisms [7, 8] . An increasing number of studies have demonstrated that expression of many ncRNAs is highly dynamic and can be affected by feeding and nutrient availability. Moreover, aberrant expression of ncRNAs is found in several metabolic disorders, which in some cases could lead to pathological states like diabetes and obesity.
Metabolic regulation by microRNAs
A class of ncRNAs, known as microRNAs (miRNAs), is now considered to have key regulatory roles in maintaining metabolic homeostasis. An emerging body of evidence is revealing that miRNA profiles can change drastically depending on circulating hormones such as insulin or the metabolic state of the cell. Originally discovered to regulate development of C. elegans, miRNAs are now found to influence almost every biological process from X-chromosome inactivation to cell proliferation and apoptosis. These ubiquitous regulators are transcribed and processed into short (~22 bases) fragments by the Dicer and Drosha ribonucleases before binding to Argonaute (AGO) proteins to form the RNAinduced silencing complex (RISC). miRNAs bind primarily to the 3′ untranslated region (3′UTR) of their target mRNAs, subsequently inhibiting protein expression through translational repression or mRNA degradation as determined by seed sequence complementarity [9, 10] . In general, a single miRNA can target hundreds of genes, and multiple miRNAs can target a single gene. While an individual miRNA may repress the expression of hundreds of proteins, the downregulation of these proteins are typically mild [11, 12] . However, it has been shown that perturbing the in-vivo levels of a single miRNA can induce significant phenotypic consequences. If this is the case, then how are individual miRNAs exerting large-scale effects despite their marginal influence on protein expression? Studies over the past few years have shown that miRNA-based regulation in some cases can involve targeted inhibition of multiple genes within a given pathway or select genes within multiple related pathways. The cumulative effect is thus markedly coherent, modulating the metabolic flux within the cell.
Lipid metabolism
The first miRNA identified to play a role in regulating metabolism was discovered over a decade ago. Initially identified in Drosophila melanogaster, loss of miR-14 resulted in the abnormal accumulation of lipids within adipocytes [13] . Since then, numerous tissue-specific miRNAs have been discovered which play essential roles in regulating metabolism (Fig. 1 ). For example, miR-33a and miR-33b are two miRNAs expressed in the liver, brain, pancreas, and adipose tissue, and are involved in controlling lipid and cholesterol homeostasis. Interestingly, in humans these two miRNAs are located within the intronic regions of the SREBP-coding genes: SREBF1 encodes miR-33b in intron 17, while SREBF2 encodes miR-33a in intron 16 [14] . SREBPs are master regulators of lipid metabolism; in particular, they modulate the expression of numerous enzymes involved in synthesis and transport of cholesterol and fatty acids [3] . Remarkably, it has been shown that both miR-33a/b are extensively co-expressed with their SREBP host genes allowing them to work together in regulating cellular levels of lipids and cholesterol [15] . Especially, when sterols or fatty acids levels are low, activated SREBPs promote the transcription of lipogenic and cholesterogenic genes. This response is further bolstered by a simultaneous shutdown of pathways involved in fatty acid degradation and cholesterol export by miR-33a/b activity. Specifically, miR-33 inhibits the expression of several genes involved in beta-oxidation of fatty acids including carnitine O-octanoyltransferase (CROT), trifunctional enzyme subunit beta (HADHB), and carnitine palmitoyltransferase 1A (CPT1A) [16, 17] . miR-33a/b also repress the expression of several members of the ATP-binding cassette superfamily, including ABCA1 and ABCG1 which are primary mediators of cholesterol efflux, resulting in increased levels of cellular cholesterol and reduced formation of HDL particles [18] . Additionally, miR-33b also targets and inhibits rate-limiting enzymes involved in gluconeogenesis leading to significant reduction in glucose production [19] . Although this link between glucose and lipid metabolism needs to be studied further, this tuning of glucose metabolism by miR-33b may allow the cell to focus efforts on increasing lipid levels.
While miR-33a/b directly influences cellular concentrations of sterols and lipids, several other miRNAs have been implicated in regulating circulating levels of cholesterol and triglycerides. Recently, Goedeke et al. have shown that miR-148 controls circulating lipoprotein levels through decreased expression of key lipoprotein trafficking proteins, low-density lipoprotein receptor (LDLR) and ABCA1 [20] . Similarly, Wagschal et al. exploited available data from genome-wide association studies (GWAS) of a large patient cohort in which common single-nucleotide polymorphisms (SNPs) were associated with blood lipid levels [21, 22] . Analysis of this GWAS dataset identified 69 miRNAs located in proximity to SNPs linked to abnormal blood lipid levels. These were further narrowed down to four conserved miRNAs-miR-128-1, miR-148a, miR-130b, and miR-301b-that were predicted to strongly target genes involved in lipid metabolism and cardiometabolic disorders. Transfecting HepG2 cells with precursor oligonucleotides of these miRNAs resulted in decreased expression of LDLR and ABCA1. Using lentiviral vectors, in-vivo overexpression of miR-128-1 and miR-148a Non-coding RNA regulation of metabolic activity in multiple tissues. Non-coding RNAs (ncRNAs) are central to metabolic regulation in the brain, skeletal muscle, liver, adipose tissue, and pancreas. Under fasting conditions, neurons of the arcuate nucleus increase DICER expression. Knockout of DICER in POMC-expressing cells impairs glucose metabolism, insulin resistance, and obesity. Fasting also upregulates hepatic lncRNA liver GCK repressor (lncLGR), leading to glucokinase inhibition and reduced glycogenesis. Decreased cholesterol coordinately increases hepatic sterol regulatory element-binding protein 2 (SREBP2) with its intronic miR-33a to increase cholesterol biosynthesis and uptake through (3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGCR), low density lipoprotein receptor (LDLR), hydroxymethylglutaryl-CoA synthase (HMGCS)), and decrease cholesterol efflux (ATP-binding cassette, sub-family A, member 1 (ABCA1)), β-oxidation (carnitine O-octanoyltransferase (CROT), trifunctional enzyme subunit beta (HADHB), and carnitine palmitoyltransferase 1A (CPT1A)), and SREBP inhibition (Sirtuin 6 (SIRT6), 5′ AMP-activated protein kinase (AMPK), Insulin Receptor Substrate 2 (IRS2)). Fasting also increases miR-149-3p, inhibiting genes involved in brown adipocyte thermogenesis (PR domain-containing protein 16 (PRDM16), uncoupling protein 1 (UCP1), cytochrome c oxidase polypeptide 7A1 (COX7A), cytochrome c oxidase polypeptide 8B (COX8B)). Type II diabetes (T2D) and insulin resistance lead to decreased H19 and increased lethal-7 (let-7) expression in skeletal muscle. Let-7 inhibits insulin-phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)-mammalian target of rapamycin (mTOR) signaling, causing impaired glucose metabolism. Under fed conditions, decreased hepatic miR-143 leads to increased glucose uptake and glucose transporter type 4 (GLUT4) translocation. Overexpression of miR-143 has been linked to insulin resistance. Under fed conditions, increased liver X receptor (LXR) activation upregulates LXR-responsive lncRNA (LeXis) expression, inhibiting SREBP2 and HMGCR, leading to reduced serum cholesterol. Additionally, fed conditions increase liver-specific triglyceride regulator lncRNA (lncLSTR) expression which upregulates apolipoprotein C2 (APOC2). Upregulated APOC2 leads to increased lipoprotein lipase (LPL) activity and subsequent triacylglyceride (TAG) uptake in peripheral tissues. Diet-induced obesity has been shown to upregulate miR-103 and miR-107 in adipocytes, leading to inhibition of insulin receptor stabilization Caveolin 1 (Cav1) and insulin resistance. Under fed conditions, downregulation of miR-375 in pancreatic β-cells inhibits Myotrophin (MTPN) and 3-phosphoinositide dependent protein kinase-1 (PDK1), and subsequently decreases glucose-stimulated insulin secretion.
in diet-induced obese C57BL/J mice resulted in strong reduction of circulating HDL-C levels, as expected with diminished ABCA1 activity [21] . Taken together, these studies provide strong evidence that miRNA can influence blood lipid levels and misregulation of these regulatory factors can predispose individuals to cardiometabolic disorders.
Insulin signaling and glucose metabolism
In addition to lipid regulation, there are now many miRNAs shown to regulate multiple aspects of glucose metabolism and insulin signaling (Fig. 1) . Proper metabolism of glucose is critical for normal physiology and misregulation at any step can cause disease. In humans, blood glucose concentration is maintained by two opposing hormones released by the pancreas known as insulin and glucagon. Under fasting conditions, when blood glucose levels are low, the pancreas secretes glucagon and stimulates the liver to break down glycogen into glucose and releases it into the bloodstream. On the contrary, when glucose levels are elevated following a meal, the pancreas responds by releasing insulin and thus lowers blood glucose concentration. This physiological response is mediated by the pleiotropic effects of insulin on a number of tissues which include: increasing uptake of glucose in adipose and muscle tissue, inhibiting gluconeogenesis in liver, and promoting the synthesis of fat, protein and glycogen. At the molecular level, binding of insulin to the insulin receptor (INSR) activates a complex network of signaling cascades within the cell. A key event within this cascade is the phosphorylation of serine/threonine-specific protein kinase (AKT) which promotes nutrient uptake and growth [23] . Inadequacy at any step of insulin production and signaling can potentially result in the development of diabetes. Type 2 diabetes (T2D) is one of the most widespread metabolic disorders in the developing world today. Improper management of this disease can lead to overwhelming complications such as kidney failure, cardiovascular disease and blindness. The typical hallmark of T2D is the development of insulin resistance, often resulting from obesity and sedentary lifestyle. Although T2D is a highly prevalent disease, the underlying mechanisms of obesity-associated insulin resistance are still not clear.
To identify misregulated miRNAs, which might contribute to T2D, many studies have taken an unbiased 'miRNome' expression profiling approach. Using transgenic or diet-induced animal models of insulin resistance, alterations in transcriptome-wide miRNA levels can be measured simultaneously in a tissue-specific manner. These studies have shown that many miRNAs misregulated in obesity are involved in controlling tissue insulin sensitivity. For example, Kornfeld et al. have shown that expression of miR-802 is upregulated in livers of obese mice as well as obese human subjects [24] . In-vivo loss-and gain-offunction studies revealed that miR-802 impaired hepatic response to insulin and glucose metabolism. While inducible overexpression of miR-802 in lean mice diminished insulin-induced phosphorylation of AKT, suppression of miR-802 in obese mice using locked nucleic acids enhanced this response. These findings were further corroborated by improved glucose tolerance and insulin sensitivity with inhibition of miR-802, and vice versa. Subsequent bioinformatics analysis identified 26 potential target genes, of which hepatocyte nuclear factor 1 beta (HNF1B) was functionally validated to be a bonafide miR-802 target [24] . Although in-vivo knockdown of HNF1B in liver recapitulated the effects of miR-802 overexpression, further investigation is needed to elucidate the detailed mechanisms by which miR-802 asserts its regulatory effects.
Whereas miR-802 is specific to liver, several miRNAs have now been described to maintain insulin sensitivity in other tissues as well. Work by Zhu et al. showed that global overexpression of lethal-7 (let-7) in mice resulted in impaired glucose tolerance [25] . However, it was later reported by Frost and Olson that tissue-specific overexpression of let-7 in muscle, liver, neurons, and adipocytes did not cause impaired glucose tolerance [26] . Although let-7 is not altered in obesity-induced insulin resistant mice, treatment of obese mice with let-7 antimiR was sufficient to improve glucose tolerance. This result suggests that let-7 miRNA might be improving insulin sensitivity in peripheral tissues. Importantly, it has been predicted that let-7 can target INSR and Insulin Receptor Substrate 2 (IRS2). Indeed, antimiR treatment in obese mice brought levels of INSR back to normal physiological levels in both muscle and liver and IRS2 in liver [26] . Another study on human patients found miR-1 and miR-133 significantly decreased in skeletal muscles after insulin stimulation [27] . Further investigation into the mechanism of this repression revealed that it was due to decreased transcriptional activity of Myocyte Enhancer Factor 2C (MEF2C). However, in diabetic patients, this insulin-mediated decrease of miR-1 and miR-133 expression was blunted due to decreased transcription. The physiological effect of insulin-mediated downregulation of these two miRNAs in skeletal muscle has not been investigated. There are now several known miRNAs, which are misregulated in T2D and have been shown to play a role in modulating insulin sensitivity in tissues. This includes miR-143 and miR-26a in liver, miR-103/107 in both adipose and liver tissue, and miR-16 in skeletal muscle [28] [29] [30] [31] . Moreover, future investigations also need to focus on the upstream regulators, which are altering miRNA levels in tissues in disease conditions. This knowledge will be crucial in understanding if altered expression of miRNA is protective or damaging.
MicroRNAs in pancreas and brain
Aside from affecting insulin sensitivity within peripheral tissues, miRNAs are also important for regulating the production and secretion of insulin from pancreatic β cells (Fig. 1 ). The importance of miRNA in pancreatic function was revealed from a study in which a pancreas-specific knock out of DICER resulted in developmental defects [32] . Studies are now focusing on identifying specific miRNAs that drive these phenotypes. miR-375 is an important pancreatic miRNA regulating insulin secretion [33] . Overexpression of this miRNA resulted in a reduction of glucose-stimulated insulin secretion. Myotrophin, a protein associated with exocytosis, was identified as a target of miR-375 providing a possible mechanism for miR-375 control in insulin secretion.
The nervous system can often be overlooked when discussing metabolic regulation; however, it plays a crucial role in maintaining wholebody energy balance. Neurons, such as POMC and AgRP, within this region of the brain, have the ability to sense humoral factors and nutrient levels to evaluate energy status. Depending on the energy status, the activity of these neurons will then modulate appetite and energy usage. Exciting new findings suggest that miRNA may contribute to feeding behaviors. It was shown that levels of DICER are upregulated in the hypothalamus under fasting conditions [34] . Furthermore, ablating DICER in a sub-region of the hypothalamus known as the arcuate nucleus caused hyperphagia and obesity that was not due to neuronal cell death [35] . These mice exhibited increased activation of the phosphoinositide 3-kinase (PI3K)-Akt-mammalian target of rapamycin (mTOR) pathway, which previously was shown to result in hyperphagic behavior. Additional computational analysis suggested miR-103 as a likely candidate resulting in over-activation of the pathway. Introduction of miR-103 mimic into the brain reduced the activity of PI3K and diminished the hyperphagic obesity [35] . Multiple studies are now beginning to show that expression of many miRNAs is altered in the hypothalamus depending on the overall energy status [36] [37] [38] . Future studies interrogating the specific role of these miRNAs will be crucial to understanding their physiological effects.
Metabolic regulation by lncRNAs
Another class of ncRNAs, known as long noncoding RNA (lncRNA), has emerged to regulate gene expression. But, do any lncRNAs contribute to the complex regulatory networks of metabolism? If so, how might these RNAs direct changes in metabolic states and vice versa? Unlike miRNA, lncRNAs closely resemble a typical mRNA transcript; once transcribed, these RNAs are 5′-capped, spliced, and polyadenylated. To date, the GENCODE consortium has annotated almost 15,000 unique lncRNAs. However only a handful of them have been functionally characterized [39] . Elucidating functional roles of lncRNAs has posed a unique challenge within the field due to their lack of conservation across species. This has made it difficult to study relevant human lncRNAs in model organisms. Moreover, lncRNAs exert their regulation on gene expression through a variety of mechanisms such as influencing transcriptional activity, remodeling chromatin, molecular scaffolding or acting as molecular sponges for miRNAs [40] .
Cholesterol metabolism
Within the past few years, several liver-enriched lncRNAs have been identified in controlling cholesterol homeostasis. It is well established that the transcriptional regulators liver X receptor (LXR) and SREBP2 tightly regulate hepatic levels of cholesterol. Under conditions of elevated cholesterol, LXRs protect the cell by upregulating genes involved in cholesterol efflux and converting it to bile acids [41] . However, a recent transcriptome profiling study on mouse hepatocytes revealed a previously uncharacterized lncRNA to be highly induced upon LXR activation [42] . Hence, it was given the name LeXis, which stands for liverexpressed LXR-induced sequence. Expression of LeXis in mouse livers downregulated genes involved in cholesterol biosynthesis, such as SREBF2 and HMGCR, resulting in reduced serum cholesterol levels ( Fig. 1) . Although the mechanism is not well defined, LeXis mediated transcriptional repression of its target genes was shown to be dependent on interactions with a heterogeneous ribonucleoprotein (hnRNP) associated with lethal yellow protein homolog (RALY) [42] . Analogous to the SREBP2/miR-33a axis, LXR and LeXis act in harmony by simultaneously regulating separate but related pathways to lower cellular cholesterol. Whereas a functional human orthologue of LeXis is yet to be found, a recently discovered lncRNA also involved in cholesterol metabolism called lnc-HC is highly conserved in mice, rats, and humans both by sequence and chromosomal position [43] . Elevated levels of cholesterol stimulate expression of lnc-HC in hepatocytes. However, unlike LeXis, functional characterization of lnc-HC revealed it to behave antagonistically to LXR activity. It was shown that lnc-HC forms a complex with hnRNPA2B1 and reduces the stability of mRNA targets cholesterol 7 alpha-hydroxylase (Cyp7a1) and Abca1 which are involved in bile acid synthesis and cholesterol efflux, respectively [43] . These results are unexpected and suggest that lnc-HC is counteracting the effects of LXR which upregulates the expression of Cyp7a1 and Abca1 under conditions of elevated cholesterol. A possible explanation for the antagonizing effects of lnc-HC and LXR is that it allows the cell to fine-tune cholesterol metabolism to an optimal level. However, further investigation of lnc-HC's targets and regulatory mechanism is needed to fully understand its functional role.
Lipid metabolism
In addition to cholesterol, lncRNAs can also regulate aspects of lipid homeostasis. Recently, Li et al. have identified a mouse liver-enriched lncRNA termed liver-specific triglyceride regulator (lncLSTR) which is involved in clearance of circulating plasma triglycerides (TAGs) [44] . They have shown that increased hepatic expression of lncLSTR ultimately results in upregulation of apoC2 in a farnesoid X receptor (FXR) dependent manner. This leads to subsequent elevation of serum apolipoprotein C2 (APOC2), which enhances lipoprotein lipase activity and allows for increased uptake of TAGs into peripheral tissues like the heart, skeletal muscle, and adipose tissue (Fig. 1) . Interestingly, physiological expression of lncLSTR is generally low during fasting but is highly induced upon feeding [44] . Thus, it is likely that lncLSTR's physiological role is to move lipids into various tissues accommodating for recently ingested lipids. Although not discussed in this review, a large number of lncRNAs have been identified to control various aspects of adipogenesis [45] . Some are specific to activating thermogenic circuits in brown adipose tissue such as Brown fat lncRNA 1 (Blnc1) [46] .
Glucose metabolism
LncRNAs have also been implicated in glucose metabolism. H19 is a lncRNA that was originally found to control gene expression of the Imprinted Gene Network involved in embryo growth [47] . During normal development, expression of H19 is strongly downregulated in most tissues, except for skeletal muscle and heart [48] . It was recently discovered that H19 contains binding sites for let-7 allowing it to act as a molecular sponge sequestering endogenous let-7 [49] . As mentioned earlier, let-7 is involved in modulating insulin sensitivity of muscle tissue suggesting H19 might play a role in glucose homeostasis. Measuring H19 levels in skeletal muscle of T2D patients and insulin-resistant obese mice revealed a strong decrease in expression [50] . In agreement with the sponging model, let-7 targets, Insr and lipoprotein lipase (LPL), were also downregulated while levels of let-7 remained unchanged in the obese mice. In non-diabetic mice, it was observed that acute hyperinsulinemia resulted in diminished levels of H19 in muscle causing an increase in let-7 availability [50] . Since Insr is a known target of let-7, increased levels of let-7 result in reduced expression of INSR and diminished muscle insulin sensitivity, therefore decreasing uptake of glucose. This regulatory axis is analogous to the lnc-HC in which the effects of the lncRNA are antagonizing the initial response. It is hypothesized that the H19/let-7 axis acts as a safety mechanism preventing muscle to draw too much glucose at later time points post-insulin stimulation [50] (Fig. 1) . Another lncRNA implicated in glucose metabolism is liver glucokinase repressor (lncLGR) which is induced in liver under fasting conditions [51] . During fasting, the physiological response of the liver is to transition from a glucose consuming to a glucose producing state. This is in part facilitated by the downregulation of glucokinase, an enzyme that catalyzes the first step of the glycolysis and glycogen synthesis pathways. Reduced synthesis of glycogen allows the liver to start producing glucose and releasing it into the blood to supply peripheral tissues. Overexpression of lncLGR in mice causes downregulation of glucokinase and reduction of hepatic glycogen stores [51] . It was shown that lncLGR forms a complex with hnRNPL and represses the transcriptional activity of glucokinase.
While these findings establish the unique role of ncRNAs in eliciting rapid responses to metabolic perturbations, recent studies suggest a greater trans-generational impact of ncRNA-mediated regulation on metabolic activity. This new body of evidence has focused on the epigenetic inheritance of acquired phenotypes through sperm RNAs [52] . More specifically, miRNAs and an exciting new class of small ncRNAs known as tRNA fragments (Box 1) have emerged as critical regulators of trans-generational metabolic reprogramming. Paternal stress and diet may result in epigenetic modifications that influence ncRNA expression, altering the metabolic activity of the offspring [53] . Although ncRNA-based regulation of inheritance is poorly understood, it is clear that ncRNAs are central to metabolic regulation at multiple levels, ranging from the cellular to the organismal, and the short-term to the transgenerational.
RNA processing directs the correct expression of key metabolic enzymes
It is becoming increasingly evident that RNA processing plays an important role in metabolic regulation. Nascent transcripts go through a wide range of remodeling and processing steps prior to being translated. This includes capping, splicing, polyadenylation and editing. Although essential for RNA maturation, each step is highly regulated and has the potential to process each transcript differentially, thus, increasing both transcriptome and proteome diversity. Moreover, RNA processing plays a significant role in regulating gene expression as it can directly alter properties of an RNA molecule, such as its sequence, stability, localization, and translation efficiency. Essentially, this allows a cell to control gene expression without perturbing its transcriptional network. Furthermore, changes mediated by RNA processing occur at shorter time-scales as compared to transcriptional regulation. Therefore in terms of metabolic control, these mechanisms allow a cell to respond in a graded manner to the changing metabolic environment.
Alternative splicing
Splicing of nascent pre-mRNA is a crucial process in gene expression involving the removal of introns and ligation of exons within the nucleus by a large macromolecular complex known as the spliceosome. This process is highly regulated and certain exons can be spliced differentially resulting in different mature transcripts in a process known as alternative splicing (AS). This process allows a single gene to produce multiple variants, thus, expanding the diversity of the eukaryotic proteome. Recent studies estimate that about 95% of human genes are alternatively spliced resulting in greater than 100,000 proteins from less than 20,000 genes [54, 55] . Although AS essentially changes the sequence of short segments within the transcript, the affect on the protein output can be drastic. A recent study profiling the protein-protein interactions of protein isoforms revealed that a majority share less than 50% of their interactions [56] . There are multiple modes of AS with the simplest being exon skipping which involves the inclusion or exclusion of a single exon. However, other types of AS exons also exist including mutually exclusive exons, retained introns, and exons with alternative 5′/3′ splice sites. Alternative splicing is regulated by a special class of RNA binding proteins (RBP) known as splicing factors which bind to cis-acting motifs within the transcript [57] . The pattern of splicing for a given exon is dependent on the splicing factor and the context of its binding. For instance, certain cis-acting elements can promote the inclusion of an exon and are known as splicing enhancers, while other elements, which promote exclusion, are known as splicing silencers. Mechanistically, binding of these factors to the RNA regulates the splicing of an exon by either promoting or inhibiting the recruitment of the spliceosome. AS is central to postnatal maturation of tissues and their normal physiological function [146] , however, aberrant splicing has been implicated in several disease pathologies [58, 59] .
Recent studies are now revealing that AS can strongly impact major metabolic pathways and control the flux of metabolites within a cell. One way this can be achieved by AS is through the alteration of the activities of key metabolic enzymes. Glycolysis, which converts glucose to pyruvate, is one pathway that is regulated by AS in a tissue-specific manner. Not only is this pathway crucial for cellular respiration, it also provides intermediates for other essential pathways such as gluconeogenesis. Pyruvate kinase (PK), the last enzyme in glycolysis responsible for converting phosphoenolpyruvate (PEP) to pyruvate, exists as multiple isozymes which are expressed in a tissue dependent manner. Two of the isozymes, PKM1 and PKM2, are derived from the alternative splicing of the mutually exclusive exons 9 and 10 in the PKM gene ( Fig. 2A) [60] . While PKM1 is highly expressed in muscle, heart and brain, PKM2 is mainly detected in early fetal tissue and proliferating cells. Cells with increased proliferation naturally require greater amounts of building block precursors to grow. Significant sources of these precursors are derived from the glycolytic intermediates. One simple strategy to increase the amounts of these intermediates is to block glycolysis at the last step, resulting in the accumulation of upstream intermediates. Such is the case with the PKM2 isozyme. In highly proliferative cells the splicing factor SRSF3 promotes the inclusion of exon 10 resulting in the expression of the PKM2 isozyme [61] . Unlike the tetrameric PKM1, PKM2 can also exist as a dimer with a significantly diminished affinity for PEP [62] . This prevents the formation of pyruvate allowing the cell to generate the necessary intermediates for the biosynthesis of nucleotides, phospholipids, and amino acids. PKM2 activity is also highly dependent Box 1 A class of small RNAs involved in metabolism and transgenerational inheritance.
One of the newest classes of RNAs to be discovered is a set of small RNAs (~28-34 nt) distinct from miRNAs known as tRNA fragments (tRFs). Development of deep sequencing technologies has catalyzed the discovery and understanding of tRFs [121] . Initially thought to be random byproducts of tRNA degradation or biogenesis, recent studies are now showing that tRFs can exhibit selective expression patterns and elicit potent metabolic effects. These small RNAs are highly abundant, second to miRNAs, and are derived from mature tRNAs. Although tRF biogenesis is not completely understood, the abundance of fragments with precise start and end points suggest that they are most likely generated from cleavage by specific endonucleases [122] . Depending on their origin, tRFs have been further subdivided into three distinct types and are referred to as tRF-5, tRF-3 and tRF-1 [123] . As suggested by their classification, tRF-5 and tRF-3 are derived from the 5′ and 3′ ends of mature tRNA, respectively. tRF-1, however, arise from the 3′ trailer region which is present in tRNA prior to processing (pre-tRNA) [123] . Recently, two independent studies have now provided evidence that tRFs can behave as epigenetic factors and contribute to the intergenerational inheritance of metabolic phenotypes. It has long been understood that parental environments and nutrition can influence the health of the offspring. In fact, controlled studies in mice have shown that glucose and lipid metabolism of the F1 offspring can be affected depending on the diet fed to the father [124] . These observations strongly suggest that nutrition could alter factors within gametes resulting in heritable phenotypes that are independent of genotype. While these factors involved in reprogramming offspring phenotype have remained elusive, work by both Sharma et al. and Chen et al. show that tRFs may be the major contributors [125, 126] . Using a paternal mouse model fed a low-protein diet which results in offspring with impaired cholesterol metabolism, Sharma et al. showed that protein restriction caused an increase in tRFGly-CCC abundance within mature sperm [127] . To further assess its biological role, microinjection of synthetic tRF-Gly-CCC into control zygotes resulted in the repression of genes known to be targets of MERVL, a transposable element that regulates genes needed for pre-implantation development [125] . While repression of MERVL targets is seen in offspring of low-protein fed fathers, it is still not clear whether this is responsible for the marked impairment in cholesterol metabolism. While Sharma et al. studied nutrient restriction, Chen et al. utilized a model of nutrient abundance in which male mice were fed a high-fat diet (HFD) [126] . Offspring fathered from these mice are known to exhibit impairment in glucose metabolism with the onset of glucose tolerance and insulin resistance [128] . Similar to Sharma et al., they also found changes in tRF levels in the sperm of HFD mice. Indeed, injection of tRFs isolated from these mice into naïve zygotes was capable of transmitting the metabolic disorder to the F1 generation [126] . Taken together, these studies have shown that tRFs may be major contributors in nutrition-induced transgenerational inheritance. There are now numerous studies showing that stress conditions such as hypoxia, osmotic stress, and nutrient deficiency can up-regulate the production of tRFs [129] [130] [131] . However, mechanistic understandings of how tRFs influence physiological effects on cells are still in the early phases. Some studies suggest tRFs might behave like miRNAs since they were found to be associated with DICER and AGO proteins [132] . However, this notion has been challenged by other studies in which knock down of a tRF resulted in decreased expression of its predicted targets. Whether tRFs follow a particular course of action or exhibit a diverse range of mechanisms is yet to be determined. on amino acid concentration, glycolytic intermediates, and phosphorylation [63] . For this reason, PKM2 isozyme serves an important role in proliferating tissues and fetal development.
AS mechanisms are also involved in regulating key enzymes of the pentose phosphate pathway (PPP). Branching off from glycolysis, PPP is an essential pathway involved in generating precursors for nucleotide and amino acid synthesis. Glucose-6-phosphate dehydrogenase (G6PD) which converts glucose-6-phosphate to 6-phosphogluconolactone is the rate-limiting enzyme of the PPP. Moreover, G6PD also produces nicotinamide adenine dinucleotide phosphate (NADPH), a reducing equivalent required for fatty acid and nucleotide synthesis. Therefore, it is not surprising that the level of this enzyme is highly dependent on the nutritional status of the organism. Under fed conditions, increased expression of G6PD in the liver promotes lipogenesis by providing necessary reducing equivalents [64] . Surprisingly, regulation of this gene by varying nutritional status is mediated by changing its splicing efficiency and not transcriptional rates. Specifically, reducing the efficiency of intron removal from the G6PD primary transcript can attenuate expression of the enzyme. Regulation of the splicing efficiency of this gene is accomplished by a bifunctional exonic splicing enhancer (ESE) and silencer (ESS) element located within exon 12 of the transcript (Fig. 2B) . Under fasting conditions, upregulation of the splicing factor hnRNP K and binding to ESS element inhibits splicing, subsequently reducing expression of G6PD enzyme. Remarkably, this motif also functions as an ESE site for Serine/Arginine-Rich Splicing Factor 3 (SRSF3). Under nutrient-rich conditions, insulin induces SRSF3 activity through the phosphorylation of SR proteins. Phosphorylated SRSF3 can then bind G6PD pre-mRNA and promote exon inclusion thus increasing G6PD expression [65, 66] .
Studies have also outlined the role of AS in regulating cholesterol metabolism. The rate-limiting enzyme in the cholesterol biosynthetic pathway, 3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGCR), is a target of heterogeneous nuclear ribonucleoproteins A1 (hnRNP A1), a prominent regulatory protein and splicing factor. An HMGCR SNP in the binding area of hnRNP A1 was shown to promote skipping of exon 13, leading to inactivation of HMGCR activity and increased LDL-C uptake [67] . Additionally, sterol loading has been demonstrated to induce the splicing and subsequent inactivation of HMGCR and LDLR by another prominent splicing factor Polypyrimidine Tract Binding Protein 1 (PTBP1) [68] . SRSF3 is also important for lipid and cholesterol metabolism in the liver. Ablation of this splicing factor in mouse liver caused significant damage including misregulation of lipid and cholesterol metabolism. Loss of hepatic SRSF3 resulted in aberrant splicing of many metabolic genes including SREBP cleavage-activating proteins, which are important regulatory genes in cholesterol metabolism. These mice exhibited reduced hepatic and serum cholesterol with elevated levels Fig. 2 . Regulation of cellular metabolism by alternative splicing. A) Alternative splicing (AS) regulates metabolic activity through the production of functionally distinct protein isoforms. Fasting decreases glycolytic activity, increasing cellular NAD+ levels. Sirtuin-1 (SIRT1) binds NAD+, activating the transcription of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and forkhead box protein O1 (FOXO1) while inhibiting sterol regulatory element-binding protein 1C (SREBP1c). SIRT1 activity increases gluconeogenesis, β-oxidation, and decreases fatty acid synthesis. The NAD+ metabolite, 2-O-acetyl-ADP-ribose (OAADPR) is bound by macroH2A1.1, leading to a transcriptional increase in proliferation-associated genes. The less active pyruvate kinase M2 (PKM2) isoform of pyruvate kinase shunts glycolytic intermediates into amino acid, fatty acid, and nucleotide synthesis. The less active ketohexokinase-A (KHK-A) isoform of ketohexokinase inhibits phosphate depletion and promotes nucleotide synthesis through activation of the pentose phosphate pathway (PPP). The macroH2A1.2 histone isoform is unable to bind NAD+ metabolites, resulting in loss of transcriptional activation. Under fasting conditions, upregulation of heterogeneous nuclear ribonucleoprotein K (hnRNP K) inhibits glucose-6-phosphate dehydrogenase (G6PD) splicing and PPP activation, reducing fatty acid and nucleotide synthesis. B) hnRNP K binds to the exonic splicing suppressor (ESS) in exon 12 of G6PD, inhibiting splicing. Fed states have opposite effects through the activation of Serine/ Arginine-Rich Splicing Factor 3 (SRSF3) and increased G6PD expression. Activated SRSF3 binds the exonic splicing enhancer (ESE) in exon 12, promoting splicing. Low core body temperature induces Cold Inducible RNA Binding Protein (CIRBP) expression through a cold-responsive element in intron 1 that regulates splicing efficiency.
of triglycerides [69] . Taken together, these studies show that splicing factors serve important roles in maintaining normal metabolism.
Besides regulating metabolic enzymes, AS can be used to tune the properties of various factors in response to external metabolic cues. Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) is a major transcriptional activator that has been shown to be extremely important for skeletal muscle remodeling, mitochondrial biogenesis, and angiogenesis. Variations in skeletal muscle training were found to induce alternative promoter utilization and splicing of PGC-1α mRNA, producing the α1 and α4 isoforms. Endurance training generates the α1 isoform, which leads to increases in oxidative phosphorylation genes and myosin switching. In contrast, the α4 isoform of PGC-1α interacts with separate targets like insulin-like growth factor 1 (IGF-1) and genes in the myostatin pathways to induce skeletal muscle hypertrophy in response to resistance training [70] .
Interestingly, changes in core body temperature (CBT) at the organismal level can also impact splicing efficiency. While many have reported on the effects of heat shock and splicing regulation, a recent study by Gotic et al. has introduced for the first time a cold-induced change in splicing efficiency that directs the expression of the cold-induced RNA binding protein (CIRBP) [71] . A number of studies over the last two decades have determined that CIRBP has a role in proliferation, both activating and inhibiting cancer formation in a cell type-specific manner. During low CBT fluctuations (33°C), CIRBP pre-mRNA is efficiently spliced and expressed. However, high CBT (38°C) conditions decrease splicing efficiency of the transcript and subsequently reduce protein expression. Splicing of CIRBP pre-mRNA is mediated by a temperature-dependent regulatory element within the first intron that is contextually independent, suggesting that a cold-induced response takes advantage of this element to induce splicing changes ( Fig. 2A) .
While regulation of gene expression by AS is important for normal physiology, aberrant splicing can contribute to the development of metabolic syndrome [69, 72] . The expression of several genes involved in splicing is downregulated in human obesity within various metabolic tissues, suggesting its importance for normal metabolism [73] . For instance, splicing factor arginine/serine-rich 10 (SFRS10) was shown to be downregulated in the liver and skeletal muscle tissues in obese patients. The key regulator of lipid metabolism, Lipin-1 (LPIN1), is a putative target of SFRS10 and exists in two major splice isoforms, LPIN1A and LPIN1B. Downregulation of SFRS10 favors the LPIN1B isoform, which increases lipogenesis by upregulating the levels of Srebp1c and Fatty acid synthase (FASN). SFRS10 heterozygosity in mice results in increased VLDL secretion and hypertriglyceridemia [73] . Besides obesity, cancer is another pathological condition, which is known to have misregulated AS. An example of an enzyme misregulated in hepatocellular cancer is ketohexokinase (fructokinase). This enzyme is responsible for the initial phosphorylation of fructose to fructose-1-phosphate and thus enables the utilization of fructose by the cell. Interestingly, the splicing of the gene encoding this enzyme is misregulated in hepatocellular carcinoma cells by the splicing regulators hnRNPH1/2. This generates the fructokinase-A isoform instead of fructokinase-C [74] . Interestingly, the activity of fructokinase-A is significantly diminished as compared to fructokinase-C. Importantly, this isoform switch to fructokinase-A also stimulates the pentose-phosphate pathway through phosphorylation of phosphoribosyl pyrophosphate synthetase 1 (PRPS1). This induces de novo nucleic acid synthesis necessary for cancer proliferation and prevents intracellular phosphate depletion ( Fig.  2A) .
Ultimately, the regulation of metabolic enzymes directs the fluxes in metabolite concentrations within a cell and its environment. However, it is often found that the levels of metabolites can also feedback and tune gene regulatory networks. An example of this can be seen with the ubiquitous coenzyme nicotinamide adenine dinucleotide (NAD+). The levels of NAD+ strongly correlate with cellular energy states. Studies have shown that nuclear NAD + levels can affect gene expression epigenetically. During periods of energy crisis, increased NAD + concentrations upregulate the activity of Sirtuin 1 (SIRT1), a histone deacetylase, and promote transcriptional repression of loci associated with energy expenditure processes [75, 76] . Interestingly, emerging studies have now shown that NAD+ may also be linked to splice isoforms of histones. The H2A family of histone proteins produces a number of histone variants with significant implications in regulating chromatin structure and transcriptional repression. MacroH2As are H2A variants with a unique macro domain, which can bind NAD+ metabolites [77] . Of the two macroH2A genes (macroH2A1/H2AFY), H2AFY is known to be alternatively spliced, producing two distinct isoforms (macroH2A1.1 and macroH2A1.2) that differ in only a single exon within the macro domain. Interestingly, macroH2A1.2 is incapable of binding NAD+ metabolites suggesting that splicing may modify the activity of macroH2A proteins in response to NAD+ metabolites ( Fig. 2A) . Although the function of macroH2A1.2 has not been fully explored, it is possible that alternative splicing of macroH2A1 is a homeostatic mechanism used to fine-tune transcriptional regulation in response to cellular metabolites.
Finally, important metabolic hormones can also affect the AS of genes. A recent study by Malakar et al. has shown that alternative splicing of INSR protects pancreatic β cells from lipotoxicity and stress-induced apoptosis. Insulin-mediated activation of the rat sarcoma (Ras)-Mitogen-Activated Protein Kinase 1 (MAPK) signaling pathway led to upregulation of the splicing factor Serine/Arginine-Rich Splicing Factor 1 (SRSF1), favoring the INSR-β isoform [78] . Collectively, these studies point to a splicing mechanism by which cells may respond to changes in nutrient availability.
RNA modifications
In addition to AS, chemical base modification of RNA also significantly influences its metabolism and downstream expression. The 5′ untranslated terminal region (UTR) of nascent mRNAs is immediately capped with a 7-methylguanosine (m7g) residue by the RNA-binding enzyme (guanine-N7-)-methyltransferase [79] . The co-transcriptional, chemical modification of RNA bases within the nucleus gives rise to the RNA epitranscriptome, directly impacting the expression of nearly all cellular RNAs. Over 100 distinct chemical modifications have been identified [80] , most of which were observed in tRNAs and other noncoding RNAs [81, 82] . Modified nucleosides have also been observed in mRNAs, including the abundant N6-methyladenosine (m6A) and pseudouridine (Ψ) [83, 84] . M6A and Ψ residues are the most prevalent modifications in the mammalian transcriptome [84, 85] , affecting their host RNAs by modulating splicing, stability, and translation [86] [87] [88] [89] [90] . Additionally, downstream interactions such as RBP and ncRNA binding may be impacted by enriched modification of 3′ UTR nucleosides [91] .
Given the tremendous impact that these RNA marks can have, how does their regulation influence metabolic activity within the cell? A seminal study by Zhao et al. illuminated the role of RNA modification in energy homeostasis [86] . Fat mass and obesity associated protein (FTO) was the first mRNA demethylase to be identified in humans and was incorrectly grouped amongst "obesity genes" correlated with obesity and impaired adipose metabolism [92] . In fact, a non-coding region of the FTO gene originally identified in GWAS studies functions as an enhancer for the Iroquois-class homeodomain proteins 3 and 5 (IRX3 and IRX5) promoters. These genes are closely linked with obesity and body mass composition, leading to the misclassification of FTO. As a result, an interest in the FTO gene sparked a number of studies exploring RNA modification and the epitranscriptome. The FTO demethylase targets m6A residues enriched in exonic regions flanking 5′ and 3′ splice sites. These sites often contain overlapping sequences regulated by the conserved splicing factor Serine/Arginine-Rich Splicing Factor 2 (SRSF2). FTO depletion in pre-adipocytes enhanced the levels of m6A, promoted binding of SRSF2, and increased target exon inclusion within the adipogenic regulatory factor RUNX1 Translocation Partner 1 (RUNX1T1). These results suggest a prominent link between the regulation of RNA modification at the cellular level and its impact on adipogenesis in whole tissues.
These modifications may be further regulated by changes in metabolic state. Cellular stress, and to a lesser extent nutrient starvation, increased the level of Ψ in HEK293T cells, suggesting that the extent of Ψ is responsive to metabolic cues [84] . These results point to an interesting mechanism by which cells may respond quickly and efficiently to outside factors at the post-transcriptional level through RNA modification. Although the role of these modifications in human metabolism is still poorly understood, their ability to induce widespread downstream changes in response to changing metabolic conditions suggests an integral role in metabolic regulation.
Modulation of metabolic pathways using translational regulation
The final stage of gene expression, which occurs in the cytoplasm, involves the translation of mRNA into protein. Regulation of translation provides a rapid and efficient way for cells to directly alter rates of protein synthesis in response to changing environments and stimuli. Instead of synthesizing, processing and exporting mRNA, considerable time can be saved by tuning the translation efficiency of existing mRNAs. In principle, this improves fitness by conferring additional plasticity and adaptability to the cell. Translational control is widespread and essential to many biological processes such as embryogenesis, neural plasticity and memory [93] [94] [95] . Likewise, it is becoming increasingly evident that regulatory mechanisms of translation are vastly integrated into various aspects of metabolic control. Indeed, major nutrient and energy sensing pathways, such as the mTOR pathway, are tightly coupled to translation regulation [96] . Activation of these pathways by growth factors and excess nutrients stimulates protein synthesis to meet the demands of cell and tissue growth. Alternatively, conditions of stress or nutrient deficiency reduce translation efficiency allowing the cell to reallocate resources or facilitate energy conservation (Fig. 3) . Although translation encompasses a singular event utilizing mRNA to synthesize protein, the mechanisms involved in modulating the rate of this process are numerous and diverse.
Translation can be divided into four phases: initiation, elongation, termination, and recycling. Of the four phases, elongation requires the highest amount of energy. The process is driven by a set of proteins known as elongation factors which utilize energy stored in guanosine triphosphate to propel the ribosome forward, elongating the growing peptide one amino acid at a time [97] . Therefore, with regards to regulating translation, most mechanisms target initiation, thus allowing the cell to adjust protein synthesis without fruitlessly expending energy. Translation initiation in itself is a multi-step process involving a coordinated assembly of numerous eukaryotic initiation factors (eIFs) onto the mRNA [98] . In theory, interfering or augmenting any factor involved with initiation can potentially cause repression or enhancement of translation, respectively. It is well known that regulation of translation rates by metabolic signals are mainly imparted by post-translational mechanisms. For instance, mTOR is an important kinase that controls global anabolic activities within the cell arbitrated by the information it receives from multiple nutrient sensing pathways [96] . Activation of mTOR results in the phosphorylation of numerous downstream substrates, including components associated with translation such as ribosomal protein S6 kinase beta-1 (S6K1) and eIF4E binding protein 1 (4E-BP) [99] . Phosphorylation of S6K1 and 4E-BP promotes global translation by enhancing RNA helicase activity of eIF4A and preventing inhibition of 5′ capbinding factor eIF4E, respectively. In contrast, global translation can be repressed under conditions of stress and nutrient deficiency by the phosphorylation of eIF2α and thus inhibiting the binding of initiator methionine to the 40S ribosome [100] . In general, these post-translational mechanisms alter rates of global protein synthesis as they influence the activity of general ribosomal factors. However, translation of specific transcripts can also be controlled. This involves post-transcriptional mechanisms, which are governed by elements within the 5′ and 3′ UTRs. Eukaryotes have evolved longer UTRs allowing for greater complexity of translation regulation. These UTRs allow specific trans-acting factors to bind cis-regulatory elements within the UTRs and alter rates of protein synthesis by either inhibiting or activating certain aspects of translation. One such mechanism discussed earlier is the repression of translation by miRNA. These miRNA inhibit translation of select transcripts by binding to specific sites within their 3′ UTR. RBPs are the other major type of trans-acting factor that directly interact with mRNA and affects its stability and translation. In addition to canonical RBPs, there is now emerging evidence that many metabolic enzymes can also act as RBPs and illicit translation regulation upon binding to an mRNA (Box 2). In some cases, a sequence element within the UTR alone can confer regulation of translation through the formation of secondary structures, which may block or promote translation [101] .
The earliest examples of metabolic signals perturbing rates of translation were from studies examining the mechanism of glucosestimulated insulin secretion in pancreatic cells. Initial observations showed that treatment of β cells with glucose-induced rapid secretion and synthesis of insulin, taking place within minutes, and preceding synthesis of new mRNA [102, 103] . Although transcription of insulin mRNA eventually follows, early phases of glucose stimulated release of insulin are predominantly governed by increased translation of preexisting insulin mRNAs [104] (Fig. 4) . After this observation, the existence of elements was discovered within the 5′ and 3′ UTRs of the insulin mRNA responsible for its increased translation [105, 106] . Glucose stimulation of β cells causes the nucleocytoplasmic translocation of PTBP1 [107] . Within the cytoplasm, PTBP1 increases insulin levels in two ways. First, it binds to sites within the 3′ UTR of insulin mRNA and increases its stability [106] . Second, PTBP1 binds within the 5′ UTR and enhances the translation of insulin mRNA in a non-canonical manner [108] . Typically, translation is cap-dependent which involves the binding of eIF4E to the 5′ cap of mRNA resulting in the subsequent assembly of the ribosome. However, mRNAs containing internal ribosome entry sites (IRESs) can form secondary and tertiary structures that can directly recruit the ribosome independently of the 5′ cap structure. Formation and activity of IRES elements are often aided by additional factors referred to as IRES trans-acting factors (ITAFs) [109] . In the case of insulin mRNA, PTBP1 acts as an ITAF and promotes its cap-independent translation upon stimulation by glucose [108] . This mechanism of translation activation mediated through a trans-factor binding is pervasive and utilized in other metabolic conditions. For instance, a similar mechanism is employed to increase expression of cationic amino acid transporter 1 (CAT-1) during conditions of amino acid starvation (Fig. 3) . This is achieved through the binding of PTBP1 and heterogeneous nuclear ribonucleoprotein L (hnRNP L) to the 5′ UTR and promotes IRES activity [110] . Since amino acids are essential for cell viability and function, this form of regulation allows the cell to quickly generate transporters for amino acids to increase uptake when availability is low. Regulation of translation by similar mechanisms for other metabolically relevant genes is summarized in Table 1 .
Box 2 Enzymes in intermediary metabolism can bind to mRNAs.
Owing to their direct involvement in energy production and macromolecule biosynthesis, enzymatic expression and activity is highly regulated at multiple levels within the cell. However, studies over the past three decades have revealed that these housekeeping enzymes may also have non-canonical regulatory roles. For instance, certain enzymes have the capacity to bind specific mRNAs, and regulate their expression posttranscriptionally [133, 134] . One of the first moonlighting enzymes to be identified, thymidylate synthase (TS), normally serves a critical role in de novo nucleotide biosynthesis by catalyzing the conversion of dUMP to dTMP. However, under conditions of low dUMP concentration, TS can inhibit the translation of its own mRNA, creating a negative feedback loop [135] . In contrast, some RNA-binding enzymes have non-canonical functions distinct from their traditional roles. The iron regulatory protein 1 (IRP1) is identical to cytosolic aconitase (ACO1), an enzyme which interconverts citrate and isocitrate for NADPH production [136] . Under conditions of low intracellular iron, the protein functions as IRP1 and regulates the translation of mRNAs involved in iron homeostasis and utilization by binding to iron response elements (IREs) located within their UTRs [137] . In contrast, under conditions of high intracellular iron, IRP1 is bound to a 4Fe-4S cluster, disrupting its ability to bind IREs [138] . As a result, the protein returns to its canonical function as ACO1. In this way, IRP1 controls iron homeostasis by promoting iron intake and release from iron-storage proteins in response to iron depletion. The regulatory impact of moonlighting enzymes may extend well beyond local regulatory circuits. The glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) converts glyceraldehyde-3-phosphate to glyceraldeyhyde-1,3-bisphosphate and utilizes an NAD+ cofactor to generate NADH. Importantly, this housekeeping enzyme also plays a non-canonical role in DNA repair, transcription, and cell death [139] . Moreover, GAPDH can also behave as an RBP, with a range of putative targets including mRNAs, tRNAs, and rRNAs [140, 141] . For instance, the RNA-binding ability of GAPDH may contribute to its role in suppressing inflammatory mRNA translation as a component of the gamma interferon inhibitor of translation (GAIT) complex [142] . Many reported moonlighting enzymes, including GAPDH, share a common dinucleotidebinding domain known as the Rossmann fold. Previously thought to bind only confactors, such as FAD, NAD+ and NADP+, these folds also facilitate interactions with RNA [143] . This property allows the enzyme to have bifunctional roles depending on cellular conditions. For instance, when energy is depleted, increased levels of NAD+ inhibit the RNA-binding function of GAPDH and push it towards glycolytic function. A recent study by Chang et al. showed that a metabolic switch from oxidative phosphorylation to aerobic glycolysis disrupted the GAPDH-mediated repression of interferon gamma (IFNγ) mRNA [144] . In conclusion, these findings suggest that many well studied enzymes may in fact have additional functionalities in regulating gene expression which still need to be identified and characterized.
Conclusions and outlook
A growing number of studies have now demonstrated that posttranscriptional regulatory mechanisms expand the organism's capacity to fine-tune gene expression for maintaining energy homeostasis. In particular, these mechanisms seem to serve critical roles in providing appropriate buffering capacity in response to changes such as nutrient availability, exercise, and thermoregulation. They are also programmed to generate rapid responses and sustain physiological requirements before the transcriptional machinery is activated to achieve precise metabolic states. An excellent example of this is the release of insulin in response to glucose stimulation where enhanced mRNA stabilization and translation serve as back up means for sustaining insulin levels after the pre-existing pool of mRNA is depleted but the new transcription of insulin gene has not yet initiated (Fig. 4) . In this review, we have presented multiple examples that highlight the dynamics and impact of post-transcriptional control of intermediary metabolism, however; many questions still remain to be answered. First, how are different post-transcriptional events integrated with broader signaling and transcriptional networks to produce coherent metabolic outcomes? Second, just as master TFs, are there also master RBPs or ncRNAs that work in a concerted manner to activate particular metabolic pathways? Third, how are overlapping and sometimes competing posttranscriptional mechanisms consolidated to achieve the correct mRNA levels and kinetics under diverse metabolic contexts? Finally, do metabolic intermediates influence the activity/expression of RBPs to support feedforward or feedback loops and control metabolic flux within certain pathways?
Recently, Gerstberger et al. have determined that approximately 7.5% of the~20,500 human protein-coding genes encode for RBPs that directly bind to and/or process RNA [117] . Nearly 50% of these RBPs are involved in mRNA metabolism and intriguingly, they are amongst the most abundant RBPs in the cell. The Encyclopedia of DNA Elements (ENCODE) project is employing next-generation sequencing methods to generate detailed information about the extent and impact of individual RBPs on gene expression in model organisms and human cells [118] . Further intersection of these genomics and large-scale metabolomics datasets must probe which RBPs have direct roles in regulating energy homeostasis and beyond. Target-based classification of RBPs along with GWAS should likewise guide new investigations to determine exact relationships between certain human mutations and metabolic diseases. With the advent of CRISPR-based genome editing technologies, we are not only poised to interrogate the metabolic effects of these mutations in cell and animal models [119] but also possess the toolkit to correct them in human patients [120] .
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The authors declare no conflict of interest. Fig. 4 . Glucose-stimulated insulin response occurs at multiple regulatory levels. Upon glucose stimulation, β-cells of the pancreas utilize multiple methods of insulin production that operate at different time-scales. In response to increased glucose metabolism, pre-existing insulin molecules within β-cells are released into the blood stream within minutes, causing an initial peak in blood insulin levels shortly after glucose stimulation. Glucose metabolism further induces the stabilization and translation of pre-existing insulin mRNA, allowing β-cells to produce and secrete more insulin [145] . Insulin levels decrease after this initial peak but remain above their resting state due to this increased production at the post-transcriptional and post-translational level. Furthermore, extracellular insulin sensed by β-cells increases the transcriptional activation of the insulin gene [102] [103] [104] . After more than an hour of stimulation, this feed-forward signal increases insulin production at the transcriptional level. 5′ UTR Enhances translation of cat-1 under conditions of amino acid starvation allowing for improved uptake [110] .
HuR 3′ UTR Increases stability of cat-1 mRNA under AA starvation [111] . srebp1a
Lipid accumulation hnRNPA1 5′ UTR hnRNPA1 behaves as an ITAF and promotes the translation of SREBP-1a. Increased levels of SREBP-1a promote reduction of cellular lipid levels [112] . vegfa Hypoxia HuR 3′ UTR Enhances translation of VEGFA, a master regulator of angiogenesis, mRNA under hypoxic conditions [113] . abca1
Cholesterol accumulation HuR 3′ UTR Increases translation of ABCA1 mRNA and allows for greater efflux of cholesterol and HDL biogenesis [114] .
insig1
Lipid synthesis HuD 3′ UTR Increases translation of insig1 in pancreatic β cells resulting in the downregulation of triglyceride synthesis [115] . pten and stat3
Insulin signaling CPEB1 3′ UTR Represses translation of pten and stat3, which are negative regulators of insulin signaling. Deficiency of CPEB1 in mice induced hepatic insulin resistance [116] .
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